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We calculated reaction rate constants including atom tunneling of the reaction of di-
hydrogen with the hydroxy radical down to a temperature of 50 K. Instanton theory
and canonical variational theory with microcanonical optimized multidimensional
tunneling (CVT/µOMT) were applied using a fitted potential energy surface [J.
Chem. Phys. 138, 154301 (2013)]. All possible protium/deuterium isotopologues
were considered. Atom tunneling increases at about 250 K (200 K for deuterium
transfer). Even at 50 K the rate constants of all isotopologues remain in the interval
4 · 10−20 to 4 · 10−17 cm3 s−1, demonstrating that even deuterated versions of the title
reaction are possibly relevant to astrochemical processes in molecular clouds. The
transferred hydrogen atom dominates the kinetic isotope effect at all temperatures.
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I. INTRODUCTION
The reaction of H2 + OH has emerged as a prototype reaction for four-atomic sys-
tems. It contributes to fundamental processes in atmospheric chemistry, astrochemistry,
and combustion.1–3 The reaction being surface catalyzed was shown to be one of the main
routes of H2O formation in the interstellar medium.
4–7
On surfaces the reaction was observed at the cryogenic temperature of 10 K through
quantum mechanical tunneling of atoms.8,9 For the gas phase reaction, a number of studies on
this reaction, theoretical10–17 as well as experimental18–22 down to 200 K has been performed.
For an overview of previous experimental and theoretical results, we refer to reviews.23,24
In this article we present reaction rate constants of the title reaction down to 100 K
using instanton theory25–29 and down to 50 K using CVT/µOMT.30,31 Instanton theory32–41
is a semiclassical theory based on Feynman’s path integrals.42 It takes multidimensional
tunneling into account while only the optimization of a tunneling path – the instanton –
is necessary.43 Instanton theory is meanwhile frequently used to calculate reaction rates in
different areas of chemistry.39,44–64 Canonical variational theory (CVT) minimizes recross-
ing compared to transition state theory (TST). It was used with microcanonical optimized
multidimensional tunneling (CVT/µOMT)30,31 was used along with zero curvature tunnel-
ing (ZCT),65,66 small curvature tunneling (SCT),67 large curvature tunneling (LCT),68–70
and microcanonical optimized multidimensional tunneling (µOMT)30,31 calculations down
to 50 K. ZCT assumes no deviation of the tunneling path from the classical minimum en-
ergy path. Compared to that, SCT considers corner-cutting effects and LCT approximates
the tunneling path by a linear path from reactants’ valley to products’ valley. The µOMT
method takes into account that the tunneling path depends on the energy by using the
maximum of SCT and LCT tunneling probabilities at each energy.71,72
As the four-atomic system of H2 + OH is of fundamental interest, a variety of potential
energy surfaces (PES) have been published.73–78 Recently, a global potential energy surface
fitted by a neural network to UCCSD(T)-F12a/AVTZ data was published (NN1 PES).79
This PES was shown to give reliable results in, e.g., the study of the mode specificity of
the H + HOD reaction.15 The NN1 PES was therefore applied here as well. Although
several studies on thermal rate constants for the title reaction appeared,13,17,80 for instance,
the semiclassical transition state theory (SCTST) calculations of Nguyen et al.81 – even
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to investigate reaction rate constants of all isotopologues13 – it seems that this is the first
study which provides rate calculations on the NN1 PES. The reaction profile consisting of
the stationary points are shown in Fig. 1.
FIG. 1. Potential energy profile of the reaction H2 + OH → H2O + H. Relative to the separated
reactants, the pre-reactive complex has a potential energy of −2.1 kJ mol−1, the transition state
22.5 kJ mol−1 and the separated products −68.1 kJ mol−1.
For bimolecular reactions, it is in general possible that a (weakly) bound van-der-Waals
complex can lead to an increase of the bimolecular reaction rate constant with decreasing
temperature. This effect was studied experimentally in the reaction of HBr + OH as well
as in the reactions with nitric acid or alcohols and OH radicals.82–84 In these cases, the
non-covalent interactions between the two reactants stem from the dipole moments and
polarizabilities of the reacting molecules. In contrast to these, H2 is less polarizable and has
no permanent dipole moment. Thus, the intermolecular interaction between H2 and the OH
radical and the impact of the pre-reactive complex (PRC) [H2 · · ·OH] are expected to be
small unless the temperature is much lower than considered in this work.
In this study we investigate the temperature dependence of the reaction rate constant
and compare it to published values. Furthermore, the temperature dependence for the
rate constants for all eight possible isotopologue reactions and the resulting kinetic isotope
effects (KIEs) have been studied. At low temperatures (below Tc) tunneling dominates the
reaction rate. The nuclear mass has a high impact on the tunneling probability leading to
large kinetic isotope effects (KIEs).
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II. METHODS
In instanton theory, the instanton, the saddle point corresponding to the transition state,
is a closed Feynman path folded back onto itself which spans the barrier region. At high
temperature it is short and covers only the top of the barrier while at low temperature it
protrudes right into the reactant state region. At the crossover temperature,
Tc =
~ωTS
2pikB
, (1)
the instanton path generally collapses to a point and the theory becomes inapplicable al-
though extensions above the crossover temperature exist.85 Here ωTS is the absolute value
of the imaginary frequency at the transition state, ~ is the reduced Planck’s constant, and
kB is Boltzmann’s constant. Tc is mass-dependent: for the title reaction containing protium
only is was found to be 276.2 K, while 204.2 K was found for the per-deuterated reaction. In
many cases Tc can be used as a cheap and simple indication if atom tunneling is important at
the temperature of interest. Following equation (1), whenever ωTS is larger than 1300 cm
−1
atom tunneling is relevant at room temperature.
The different H/D isotopologues are labeled as H1H2OH3 such that the reaction reads
H1H2 + OH3 → H1 + H2OH3. DDOH therefore corresponds to a reaction of OH with D2
while HDOH corresponds to the reaction HD + OH → H + DOH.
Vibrational modes were described by the harmonic approximation of the Feynman path.
The translational partition function was in all cases approximated by the one of the ideal
gas, which is identical to that of a quantum mechanical particle in a box. The rotational
partition function of the transition state was obtained as the geometric mean value of the
rotational partition functions of all images along the instanton path treated as rigid quantum
rotors. The reactant molecules were, equivalently, treated as rigid rotors. The symmetry
number, the order of the rotational subgroup in the molecular point group,86 of the individual
molecules was taken into account in the rotational partition function, i.e. the one of H2 and
D2 was divided by two, while the one for HD is not.
The kinetic isotope effects are dominated by tunneling and by the zero-point vibration.
Neither the rotational nor the translational contribution have a significant effect on the
KIEs.
The NN1 PES79 was interfaced with DL-FIND.87 Instantons were optimized starting from
the classical transition state or by starting from an already optimized instanton of similar
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temperature using the adapted Newton–Raphson algorithm implemented in DL-FIND.39,40
The convergence criteria for the instanton optimization on the NN1 PES was 5 · 10−11
atomic units for the maximal component of the gradient. Note, that we use mass-weighted
coordinates and gradients with the masses in atomic units, i.e. relative to the electron mass.
This influences the convergence criterion.
The instanton is a closed Feynman path with images having pairwise identical coordinates.
The full path was represented by 512 images. Convergence with respect to the number
of images was tested at the most severe case with the largest distances between adjacent
images, the all-H reaction (HHOH) at 100 K. In this case, the rate constant obtained with
4096 images for the full path deviated by only 0.4 % from the value obtained with 512 images
and is only 2.4 % higher compared to the value obtained with 194 images. Smaller deviations
can be expected at higher temperature or for heavier isotopologues. Thus, we consider the
discretization to be converged with respect to the number of images.
To test the quality of the NN1 PES we additionally calculated instanton rate constants
with on-the-fly energy calculations at the CCSD(T)-F12 level88,89 using the cc-pVDZ-F12
basis set.90 The program package Molpro version 201291,92 interfaced to DL-FIND87 via
ChemShell93 was used for these calculations. Due to the high computational demands of
these calculations, 194 images were used and the instanton optimizations were considered
converged for all absolute gradient components smaller than 10−8 a.u.
Below 100 K, the instanton path for HHOH stretches into the pre-reactive minimum with
parts of the path below the energy of the separated reactants, see Fig. 2. Instanton rates
are not valid for energies below the separated reactants, so instanton rates are reported
only down to 100 K for H-transfer. For the D-transfer the whole instanton path remains
above the reactants’ energy for T>80 K. Thus, instanton rates for D-transfer reactions are
reported down to 80 K. CVT/µOMT was used down to 50 K.
The ZCT, SCT, LCT, and µOMT calculations on the NN1 PES79 have been performed us-
ing POLYRATE 201094,95 based on canonical variational transition state theory (CVT).71,72
For the LCT calculations, the action integrals (θ integrals) and the sine of the angle between
the minimum energy path and the tunneling path were interpolated to 2nd order.
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FIG. 2. Potential energy along the instanton path at 130 K (left) and 80 K (right) relative to
the energy of the separated reactants. At 130 K the whole instanton path is above the reactant’s
energy, at 80 K its ends are below that value. Images of the corresponding instantons are inserted.
III. RESULTS
A. Reaction Rate Constants
The relevant stationary points on the potential energy surface of the title reaction are
depicted in Fig. 1. Relative to the separated reactants H2 and OH, the potential energy on
the NN1 PES is −2.11 kJ mol−1 for the PRC, 22.50 kJ mol−1 for the transition state (TS)
and −68.08 kJ mol−1 for the products (H + H2O). The relative energies of the corresponding
stationary points optimized on CCSD(T)-F12/cc-pVDZ-F12 level are −1.77 kJ/mol for the
PRC, 23.98 kJ/mol for the TS and−64.94 kJ/mol for the products. The imaginary harmonic
frequency is 1206 i cm−1 on the NN1 PES and 1199 i cm−1 on CCSD(T)-F12/cc-pVDZ-F12
level.
The rate constant of the title reaction has been measured several times using different
techniques, see Fig. 3. An Arrhenius plot shows a noticeable curvature already at 300 K
and below,18,21 which is a clear sign that the reaction is influenced by atom tunneling.
Experimental rate constants are available from 1000 K down to 200 K.18–22 The different
sets agree quite well, typically within 20–30% of the rate constant.
Among the computational studies of this system, Matzkies and Manthe17,80 performed
6
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FIG. 3. Reaction rate constants for HHOH compared to literature data. Experimental data: “”
data from21, “” data from19, “N” data from18; computational data: “” data from17, “©” data
from81, “♦” data from80.
full-dimensional quantum dynamics calculations on the Schatz–Elgersma PES75,76 using the
multi-configuration time-dependent Hartree (MCTDH) approach. At T = 300 K, the lowest
temperature covered by close-coupling calculations employing a rigorously correct statistical
sampling scheme for the rotational degrees of freedom,17 their calculations overestimate the
experimental rate constants by about a factor of 2. In an earlier work,80 they calculated
rate constants down to 200 K, which are more than an order of magnitude higher than
the experimental value.21 Better agreement with the experimental values was achieved by
Nguyen et al.81 by applying semiclassical transition-state theory (SCTST) on high-level
direct-dynamics energies. At 200 K they underestimate the experimental rate constant by a
factor of 1.43, which is comparable to the experimental error bar. They furthermore showed
that SCT gives significantly higher reaction rate constants at lower temperatures compared
to SCTST calculations.81
For the title reaction containing protium only (HHOH), the crossover temperature is
Tc = 276.2 K. Using instanton theory, we calculated bimolecular reaction rates using the
NN1 PES at T = 270 K and below as it is only applicable below Tc. The results are depicted
in Fig. 3, numbers are given in the supporting information.96 As expected,58 instanton theory
overestimates the rate constant close to Tc. Agreement is improved at lower temperature.
At 220 K our rate constant (1.78 ·10−16 cm3 s−1) is higher by a factor of 1.95 than the results
of flash photolysis resonance-fluorescence by Orkin et al.;21 at 200 K, the lowest temperature
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at which comparison is possible, it is still higher by a factor of 1.76. A higher accuracy of
instanton theory can be expected at lower temperature due to the known overestimation
close to Tc.
58
The deviation might reflect a deficiency of the rate theory or the potential. To test
the accuracy of the potential, we recalculated instantons and rate constants on-the-fly on
CCSD(T)-F12/cc-pVDZ-F12 level without fitting the PES. The reaction rate constants ob-
tained in this way agree better with the experimental result, overestimating it by a factor of
1.49 at 240 K and only by a factor of 1.12 at 200 K. Thus, the NN1 PES leads to a slight
overestimation of the rate constants. However, we continue with the NN1 PES as on-the-fly
calculations for all isotopologues would be too costly. While the absolute rate constants
might be overestimated by a factor of approximately 1.5 to 2.0, one can assume the KIEs
incur smaller errors. We assume roughly the same level of accuracy at low temperatures,
where no other experimental or computational data are available for comparison.
Given that instanton theory is expected to be more accurate at lower temperatures, the
rates using the NN1 PES, which employs a better basis set, are more promising than the
direct-dynamics results. Still, the NN1 PES probably shows slight inaccuracies in the region
of the configurational space most relevant to tunneling, leading to a slight overestimation
of the reaction rate. However, we continue with the NN1 PES. While the absolute rate
constants might be overestimated by a factor of approximately 1.5 to 2.0, one can assume
the KIEs incur smaller errors. We assume roughly the same level of accuracy at low tem-
peratures, where no other experimental or computational data are available for comparison.
To test the accuracy of the rate theory, we performed CVT/ZCT, SCT, LCT, and µOMT
calculations on the NN1-PES. As in this reaction the SCT rate constant is always higher
than the one obtained by LCT, the µOMT result is virtually indistinguishable from the
results obtained by SCT. Therefore no graph for SCT is shown in Fig. 3. At temperatures
below 300 K, CVT/LCT (and ZCT) agrees well with instanton theory whereas SCT, and
thus µOMT, give significantly higher rate constants. At 200 K, µOMT overestimates the
reaction rate constants by a factor of 4.0, see table I and Fig. 3.
For comparison, Fig. 3 includes the rate constant calculated by TST with all vibrations
treated via quantum partition functions of harmonic oscillators, i.e., accounting for the vi-
brational zero-point energy but not for tunneling (Harmonic transition state theory, HTST).
As expected, it describes the rate constant very well at high temperatures (close to and above
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400 K) but deviates significantly below about 300 K.
TABLE I. Reaction rate constants k in cm3 molecule−1 s−1 at 200 K obtained by different methods.
Experimental values are from reference 21.
Exp. 4.3 ·10−16
Instanton NN1 7.56·10−16
Instanton on-the-fly 4.83·10−16
CVT/µOMT 1.73·10−15
CVT/SCT 1.73·10−15
CVT/LCT 8.77·10−16
CVT/ZCT 7.00·10−16
CVT 2.76·10−17
HTST 3.25·10−17
B. Kinetic Isotope Effects
All eight possible isotopologues were investigated. The zero-point energy (ZPE) corrected
energies of PRC and TS, as well as Tc are given in table II, the rate constants are shown
in Fig. 4. Values of the KIEs at 160 K and 100 K (both instanton and µOMT), and 50 K
(µOMT) are given in table III.
For reactions with deuterium, the crossover temperature is significantly reduced, see
table II. Down to 120 K the curvature of the resulting Arrhenius plot in Fig. 4 is negligible
for isotopologues with D-transfer. Defazio et al. already mentioned that tunneling may
not be very important in the DDOH case.97 This is certainly true in the temperature range
where experimental data is available, i.e. above 210 K. At lower temperature the reactions
of all isotopologues are dominated by tunneling. A direct comparison between our instanton
calculations and experimental data is impossible for any of the deuterated cases, as no data
is available below Tc. Above 50 K a clear primary KIE, i.e., depending on the mass of the
atom to be transferred, is measurable.
The KIE can stem from differences in zero-point energies or from tunneling.98–100 One
9
TABLE II. ZPE corrected energies of the corresponding characteristic points of the PES in kJ mol−1
relative to the separated reactants. The crossover temperature Tc is given in K. Ea refers to the
activation energy, the energy difference between TS and PRC.
PRC TS Ea Ea(ref
13) Tc
HHOH 0.54 24.76 24.22 24.41 276.2
HHOD 0.41 23.50 23.09 23.19 276.1
DHOH 0.30 24.13 23.82 23.74 266.0
DHOD 0.17 22.84 22.67 22.48 265.8
HDOH 0.20 25.86 25.66 25.37 208.9
HDOD 0.04 24.57 24.53 24.12 208.8
DDOH −0.04 25.65 25.69 25.16 204.3
DDOD −0.22 24.31 24.53 23.86 204.2
may, of course, argue if the harmonic approximation for zero-point energies is good enough
to estimate rate constants at such low temperatures. However, our calculated vibrationally
adiabatic barriers of the isotopologues agree well (deviation < 0.7 kJ mol−1) from the liter-
ature values obtained by the more elaborate HEAT protocol,13 see table II. It was shown
previously13 that including anharmonicity changes the corresponding barrier height by less
than 0.33 kJ mol−1.
Apart from the primary KIE, we observe that deuteration of the hydroxy radical (OD)
increases the reaction rate, leading to inverse KIEs. Depending on the deuteration of the
other sites, OD increases the rates by factors of 1–3, see table III. The main reason for this
effect is that the heavier deuterium atom lowers Eva of the transition state by reducing the
zero-point energy of the deformation modes of the two molecules with respect to each other.
The reaction rate constants obtained with µOMT are higher than the ones obtained with
instanton theory by a factor of 4.2 for HHOH and 5.4 for HDOH at 100 K. It is obvious
from Fig. 3 and table I that CVT/µOMT generally overestimates the reaction rate constants
for this reaction, see also Fig. S1, because in µOMT the tunneling path is not optimized.
Apart from that, the rate constants seem to follow the same trends, in particular the KIEs
obtained by both methods agree reasonably well, see table III.
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FIG. 4. Temperature dependence of the reaction rate constants of all H/D isotopologues calculated
with the instanton method (left) and with CVT/µOMT (right).
TABLE III. Kinetic isotope effects at 160 K, 100 K, and 50 K with respect to HHOH.
Instanton µOMT
Isotopes 160 K 100 K 160 K 100 K 50 K
HHOH 1.00 1.00 1.00 1.00 1.00
DHOH 3.19 3.95 3.37 4.99 6.89
HHOD 0.649 0.561 0.828 0.732 0.610
DHOD 1.99 2.04 2.58 3.19 3.42
HDOH 41.5 224 49.1 176 382
DDOH 30.2 225 32.4 172 558
HDOD 23.9 108 35.4 109 216
DDOD 17.1 104 22.3 95.3 229
Instanton theory provides a dominant tunneling path for each specific temperature. At
low temperature, that path is almost temperature-independent. The atoms contribute quite
differently to that tunneling path. Geometries and the energy along the instanton path
are depicted in Fig. 2. In the low-temperature limit for HHOH, the hydrogen atom to be
transferred is delocalized over 1.34 A˚, the one that remains as isolated hydrogen atom after
the reaction over 0.80 A˚. Both oxygen and hydrogen of OH contribute to the tunneling much
weaker, they are delocalized over 0.14 and 0.21 A˚, respectively. Deuteration changes these
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contributions: for HDOH, the transferred deuterium is delocalized over only 1.25 A˚ while
the other tunneling path length remain almost unchanged (0.77, 0.15, and 0.21 A˚).
We found primary H/D-KIEs of > 200 at 50 K using CVT/µOMT. At even lower tem-
perature than reported here, the KIE can be expected to be at least similarly strong. Con-
sequently we expect a significant influence of this reaction and its KIE on the deuterium
fractionation of molecules in the interstellar medium.
IV. SUMMARY
We calculated reaction rate constants of H2 + OH → H + H2O down to 100 K using
instanton theory and down to 50 K using CVT/µOMT on the NN1 PES79 for all H/D
isotopologues. Atom tunneling sets in at about 250 K for H-transfer and at about 200 K for
D-transfer. A significant primary H/D KIE of about 200 is found at 100 K and of 300–600
at 50 K.
At 80–50 K the reaction rate constants of the H-transfer reaction become almost
temperature-independent due to atom tunneling. Our results clearly indicate that the
title reaction may well be relevant for processes in the interstellar medium at even lower
temperature, even including deuterium.
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FIG. 5. Comparison of CVT/µOMT and instanton reaction rate constants over the whole range
of applicability of instanton theory.
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TABLE IV. Reaction rate constants for the H-transfer calculated with the instanton method on
the NN1 PES. Temperature in K, rate constants in cm3 molecule−1 s−1.
Temperature HHOH DHOH HHOD DHOD
100 1.81 · 10−17 4.58 · 10−18 3.22 · 10−17 8.86 · 10−18
105 2.13 · 10−17 5.49 · 10−18 3.73 · 10−17 1.04 · 10−17
110 2.51 · 10−17 6.61 · 10−18 4.34 · 10−17 1.23 · 10−17
115 2.98 · 10−17 8.01 · 10−18 5.08 · 10−17 1.47 · 10−17
120 3.55 · 10−17 9.73 · 10−18 5.96 · 10−17 1.75 · 10−17
130 5.06 · 10−17 1.45 · 10−17 8.30 · 10−17 2.53 · 10−17
135 6.07 · 10−17 1.78 · 10−17 9.84 · 10−17 3.06 · 10−17
140 7.30 · 10−17 2.19 · 10−17 1.17 · 10−16 3.71 · 10−17
145 8.77 · 10−17 2.73 · 10−17 1.39 · 10−16 4.55 · 10−17
150 1.02 · 10−16 3.54 · 10−17 1.66 · 10−16 5.83 · 10−17
155 1.31 · 10−16 4.15 · 10−17 2.04 · 10−16 6.74 · 10−17
160 1.61 · 10−16 5.06 · 10−17 2.49 · 10−16 8.12 · 10−17
165 1.88 · 10−16 6.30 · 10−17 2.87 · 10−16 9.99 · 10−17
170 2.27 · 10−16 7.86 · 10−17 3.43 · 10−16 1.23 · 10−16
175 2.76 · 10−16 9.80 · 10−17 4.14 · 10−16 1.52 · 10−16
180 3.36 · 10−16 1.22 · 10−16 5.00 · 10−16 1.87 · 10−16
185 4.10 · 10−16 1.52 · 10−16 6.06 · 10−16 2.31 · 10−16
190 5.02 · 10−16 1.90 · 10−16 7.36 · 10−16 2.86 · 10−16
195 6.15 · 10−16 2.38 · 10−16 8.96 · 10−16 3.54 · 10−16
200 7.56 · 10−16 2.98 · 10−16 1.09 · 10−15 4.40 · 10−16
210 1.15 · 10−15 4.73 · 10−16 1.64 · 10−15 6.88 · 10−16
220 1.78 · 10−15 7.63 · 10−16 2.51 · 10−15 1.10 · 10−15
230 2.78 · 10−15 1.24 · 10−15 3.90 · 10−15 1.77 · 10−15
240 4.37 · 10−15 2.00 · 10−15 6.07 · 10−15 2.82 · 10−15
250 6.71 · 10−15 3.10 · 10−15 9.26 · 10−15 4.34 · 10−15
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TABLE V. Reaction rate constants for the D-transfer calculated with the instanton method on the
NN1 PES. Temperature in K, rate constants in cm3 molecule−1 s−1.
T [K] HDOH DDOH HDOD DDOD
80 2.70 · 10−20 2.50 · 10−20 6.14 · 10−20 6.02 · 10−20
84 3.32 · 10−20 3.11 · 10−20 7.39 · 10−20 7.31 · 10−20
88 4.11 · 10−20 3.90 · 10−20 8.96 · 10−20 8.97 · 10−20
92 5.11 · 10−20 4.93 · 10−20 1.10 · 10−19 1.11 · 10−19
96 6.40 · 10−20 6.27 · 10−20 1.35 · 10−19 1.39 · 10−19
100 8.05 · 10−20 8.03 · 10−20 1.67 · 10−19 1.74 · 10−19
105 1.08 · 10−19 1.10 · 10−19 2.19 · 10−19 2.33 · 10−19
110 1.45 · 10−19 1.51 · 10−19 2.89 · 10−19 3.15 · 10−19
115 1.96 · 10−19 2.19 · 10−19 3.83 · 10−19 4.47 · 10−19
120 2.80 · 10−19 3.00 · 10−19 5.41 · 10−19 6.01 · 10−19
130 5.05 · 10−19 5.89 · 10−19 9.47 · 10−19 1.14 · 10−18
135 6.96 · 10−19 8.39 · 10−19 1.29 · 10−18 1.73 · 10−18
140 9.69 · 10−19 1.20 · 10−18 1.77 · 10−18 2.25 · 10−18
145 1.36 · 10−18 1.73 · 10−18 2.44 · 10−18 3.19 · 10−18
150 1.91 · 10−18 2.50 · 10−18 3.40 · 10−18 4.55 · 10−18
155 2.72 · 10−18 4.00 · 10−18 4.77 · 10−18 6.53 · 10−18
160 3.88 · 10−18 5.33 · 10−18 6.74 · 10−18 9.44 · 10−18
165 5.59 · 10−18 7.84 · 10−18 9.61 · 10−18 1.37 · 10−17
170 8.08 · 10−18 1.16 · 10−17 1.38 · 10−17 2.01 · 10−17
175 1.17 · 10−17 1.71 · 10−17 1.99 · 10−17 2.94 · 10−17
180 1.71 · 10−17 2.51 · 10−17 2.86 · 10−17 4.28 · 10−17
185 2.46 · 10−17 3.64 · 10−17 4.10 · 10−17 6.16 · 10−17
190 3.50 · 10−17 5.22 · 10−17 5.80 · 10−17 8.78 · 10−17
195 4.93 · 10−17 7.46 · 10−17 8.11 · 10−17 1.25 · 10−16
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TABLE VI. Reaction rate constants for the HHOH system calculated on-the-fly on CCSD(T)-
F12/cc-pVDZ-F12 level with the instanton method. Temperature in K, rate constants in cm3
molecule−1 s−1.
T [K] Rate constants
275 1.38 · 10−14
270 9.38 · 10−15
260 4.50 · 10−15
240 2.17 · 10−15
230 1.52 · 10−15
220 9.74 · 10−16
210 5.88 · 10−16
200 4.83 · 10−16
180 1.66 · 10−16
170 1.34 · 10−16
162 9.00 · 10−17
145 3.89 · 10−17
125 1.76 · 10−17
111 1.09 · 10−17
100 7.80 · 10−18
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TABLE VII. Reaction rate constants for the H-transfer calculated with CVT/µOMT on the NN1
PES. Temperature in K, rate constants in cm3 molecule−1 s−1.
T [K] HHOH HHOD DHOH DHOD
50.00 2.50 · 10−17 4.10 · 10−17 3.63 · 10−18 7.30 · 10−18
55.00 2.69 · 10−17 4.32 · 10−17 4.02 · 10−18 7.85 · 10−18
60.00 2.94 · 10−17 4.61 · 10−17 4.51 · 10−18 8.56 · 10−18
65.00 3.24 · 10−17 4.97 · 10−17 5.12 · 10−18 9.44 · 10−18
70.00 3.60 · 10−17 5.42 · 10−17 5.87 · 10−18 1.05 · 10−17
75.00 4.03 · 10−17 5.95 · 10−17 6.78 · 10−18 1.19 · 10−17
80.00 4.54 · 10−17 6.58 · 10−17 7.89 · 10−18 1.35 · 10−17
90.00 5.85 · 10−17 8.23 · 10−17 1.09 · 10−17 1.78 · 10−17
100.00 7.69 · 10−17 1.05 · 10−16 1.54 · 10−17 2.41 · 10−17
110.00 1.03 · 10−16 1.37 · 10−16 2.21 · 10−17 3.34 · 10−17
120.00 1.39 · 10−16 1.81 · 10−16 3.21 · 10−17 4.68 · 10−17
130.00 1.89 · 10−16 2.42 · 10−16 4.69 · 10−17 6.63 · 10−17
140.00 2.60 · 10−16 3.26 · 10−16 6.89 · 10−17 9.46 · 10−17
150.00 3.59 · 10−16 4.42 · 10−16 1.01 · 10−16 1.35 · 10−16
160.00 4.96 · 10−16 5.99 · 10−16 1.47 · 10−16 1.92 · 10−16
180.00 9.38 · 10−16 1.09 · 10−15 3.06 · 10−16 3.83 · 10−16
200.00 1.73 · 10−15 1.95 · 10−15 6.05 · 10−16 7.33 · 10−16
220.00 3.06 · 10−15 3.36 · 10−15 1.14 · 10−15 1.33 · 10−15
240.00 5.20 · 10−15 5.56 · 10−15 2.01 · 10−15 2.28 · 10−15
250.00 6.68 · 10−15 7.06 · 10−15 2.61 · 10−15 2.94 · 10−15
298.00 1.92 · 10−14 1.94 · 10−14 7.94 · 10−15 8.45 · 10−15
300.00 2.00 · 10−14 2.01 · 10−14 8.20 · 10−15 8.79 · 10−15
400.00 9.87 · 10−14 9.33 · 10−14 4.17 · 10−14 4.17 · 10−14
600.00 6.30 · 10−13 5.86 · 10−13 2.76 · 10−13 2.60 · 10−13
800.00 2.02 · 10−12 1.76 · 10−12 8.48 · 10−13 7.77 · 10−13
1000.00 4.35 · 10−12 3.76 · 10−12 1.86 · 10−12 1.67 · 10−12
1250.00 8.96 · 10−12 7.61 · 10−12 3.90 · 10−12 3.49 · 10−12
1500.00 1.56 · 10−11 1.32 · 10−11 6.92 · 10−12 6.20 · 10−12
2000.00 3.63 · 10−11 3.06 · 10−11 1.64 · 10−11 1.47 · 10−11
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TABLE VIII. Reaction rate constants for the D-transfer calculated with CVT/µOMT on the NN1
PES. Temperature in K, rate constants in cm3 molecule−1 s−1.
T [K] HDOH HDOD DDOH DDOD
50.00 6.54 · 10−20 1.16 · 10−19 4.48 · 10−20 1.09 · 10−19
55.00 7.42 · 10−20 1.30 · 10−19 5.25 · 10−20 1.23 · 10−19
60.00 8.55 · 10−20 1.49 · 10−19 6.28 · 10−20 1.43 · 10−19
65.00 1.00 · 10−19 1.74 · 10−19 7.65 · 10−20 1.69 · 10−19
70.00 1.19 · 10−19 2.05 · 10−19 9.49 · 10−20 2.02 · 10−19
75.00 1.43 · 10−19 2.46 · 10−19 1.19 · 10−19 2.47 · 10−19
80.00 1.75 · 10−19 2.98 · 10−19 1.52 · 10−19 3.06 · 10−19
90.00 2.72 · 10−19 4.52 · 10−19 2.56 · 10−19 4.87 · 10−19
100.00 4.38 · 10−19 7.08 · 10−19 4.46 · 10−19 8.07 · 10−19
110.00 7.25 · 10−19 1.14 · 10−18 7.99 · 10−19 1.38 · 10−18
120.00 1.22 · 10−18 1.87 · 10−18 1.45 · 10−18 2.41 · 10−18
130.00 2.08 · 10−18 3.09 · 10−18 2.66 · 10−18 4.24 · 10−18
140.00 3.55 · 10−18 5.14 · 10−18 4.83 · 10−18 7.44 · 10−18
150.00 6.03 · 10−18 8.52 · 10−18 8.68 · 10−18 1.30 · 10−17
160.00 1.01 · 10−17 1.40 · 10−17 1.53 · 10−17 2.22 · 10−17
180.00 2.75 · 10−17 3.61 · 10−17 4.44 · 10−17 6.08 · 10−17
200.00 6.93 · 10−17 8.69 · 10−17 1.16 · 10−16 1.52 · 10−16
220.00 1.60 · 10−16 1.92 · 10−16 2.72 · 10−16 3.41 · 10−16
240.00 3.40 · 10−16 3.94 · 10−16 5.81 · 10−16 7.05 · 10−16
250.00 4.82 · 10−16 5.49 · 10−16 8.24 · 10−16 9.85 · 10−16
298.00 2.02 · 10−15 2.14 · 10−15 3.41 · 10−15 3.81 · 10−15
300.00 2.13 · 10−15 2.25 · 10−15 3.60 · 10−15 4.01 · 10−15
400.00 1.68 · 10−14 1.63 · 10−14 2.72 · 10−14 2.74 · 10−14
600.00 1.72 · 10−13 1.55 · 10−13 2.70 · 10−13 2.57 · 10−13
800.00 6.42 · 10−13 5.59 · 10−13 1.01 · 10−12 9.36 · 10−13
1000.00 1.56 · 10−12 1.34 · 10−12 2.50 · 10−12 2.28 · 10−12
1250.00 3.50 · 10−12 2.98 · 10−12 5.71 · 10−12 5.16 · 10−12
1500.00 6.45 · 10−12 5.44 · 10−12 1.08 · 10−11 9.61 · 10−12
2000.00 1.60 · 10−11 1.34 · 10−11 2.71 · 10−11 2.40 · 10−11
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